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Introduction 
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In this paoer the effects of th.ermal metamorphism and metasomati srn 
in three different litholoqies will be rep0rted. The three litholoqies 
occur together, cut by an intrusive body and will enable similarities 
and differP.nces that take place under similar metamorphic conditions, to 
be compared. These rocks will be rMtegorized in order to make correlations 
with metamorphic f~cies. Estimates as to the temperatures involved in this 
case will be made, and the minerals which are the result of metasomatism 
will be identified. 
The Wasatch Mountains extend from central Utah northward into Idaho. 
The/ rPoresent the eastern limit oft he Basin and Range Province. On their 
o~stern side, they are indefinitely defined, as they grade into the upland 
region of the Wyoming Basin and into the C0lorado Plateau at the southPrn 
extreme. Expcsures of sedimentary rock 0 f Precambrian to Jurassic aqe are 
found and are cut by Cretaceous and Terti~ry stocks and dikes in north 
central Utah. The Precambrian rocks are represented by white, red or 
purplish quartzites and a few dark argillites ( Calkans 1943 ). Lyin~ 
unconformably on them is a Cambrian tillite. This in turn is overlain 
unconformably by the Tintic Quartzite, whose purplish quartz qrains suggest 
the Precambrian quartzite as a source. Next is a conformable formation of 
shale, the Ophir Shale. It consists of three members, the lcwest and the 
hiqhest members being shales, and the middle member a limestone. Conformable 
on the Ophir Shal~ is th~ Maxfield Limestone which is a sequence of 
alternating limestones and dolomites. They are coarse-grained and fossili-
ferous. Unconformably .::ibove the Maxfield Limestone is a body of dolomit"' 
and limestone of Middle Devonian age which has been named the Jefferson 
f0rmation. Abov., this are rocks of Mississippian age which include the 
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Madison Limestone, the Oeseret Limestone and, finally, th~ Humbug Forma-
tion. The Humbug Formation is mostly black chert-bearing limeston~ and 
some calcareous sandstones. Unconformably above this is the Pennsylvaniar 
Morgan Formation which is mostly li-n,::::ton. A fine-grained quartzit~, 
the W~ber Quartzite is also Pennsylvanian. The Park City Formation is 
conformable to the Weber, the lower part being Pennsylvanian and the 1.H:i:-,er 
part Permian. Triassic rocks lie uriconFormably m•er the Park City Fnrma-
tion; red and green thin"bedded shales of thP Woodside Shale ar~ overlain 
by the Thaynes Formation of limestone with some sandston0. and shale. The 
Ankarah Shale of Jurassic age li~s above th~ Thaynes. ~ unit of Jurassic 
sandstone and inter-bedded red shall". the N••c;qet S.1ndstone, r:aps the sedi-
mentary section. (Table I) 
In north-central Utah, where the LJinta Mountains intersect with thE' 
Wasatch Mountains, folding uplift and faulting during CretacE'ous and Triassic 
tines resulted from orogenesi s. Iritr usive bodies of this age are now exp0st>.d 
in the area. Compositiaial differences in local intrusions suggest different 
r,.:,riods of intrusion by a differentiatinc; magma. F0ldin::i and faulting of the 
strata prece+ded the intrusions generally. nriginally, the strata of the 
Wasatch Mountains dipped to the west, but following uplift and folding, they 
now form, in general, the east dipping limb of an anticline. 
LOCATION OF THE AREA AND O~~CRIPTION OF THE STRATA 
- --
Little Cottonwood Canyon is lo~ated about twenty mil~s southeast of 
Salt Lake City, Utah. At the heRd of the canyon, which lies in the no~th-
west corner of T3S, R3E of the Brighton Quadran~le, is the Albion 8asin. 
An Alpine glacier of Quaternary age has carved out this amphitheater-like 
area. The ~astern portion of the area has exposures of Cambrian sedimentary 
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rocks that have been metamorphosed by a pluton of Cretaceous or Tertiary 
age. Fiv~, possibly six, faults that trend east~west cut the metamorphosed 
Cambrian beds. The Cambrian Beds show disolacement of only about 15 to 2n 
feet along most faults, but up to several tens of feet in others. At the 
same time that this placement occured younger rocks of Devonian age hav~ 
boen thrust up across the Cambrian rocks farther to the east in the ar~a. 
Ve'.}etation and Quaternary sediment cover many of the contacts and they are 
also difficult to follow because of faulting. 
The Canbrian rocks exposed in this area reoresent over 400 feet of 
sediment. On the average, these beds strike N25°W and dip 22°E. Slight 
variations occur across the faults. The areatest diviation appears in a 
block at the so~th en~ of the area whcr~ the rocks strike N10°W but dip 22° 
still. The Cambrian ro~ks consist of three units each of a different 
lithology. The lowest stratigraphically is the Tintic Quartzite. This is 
a formation that consists of a rather homogeneous sequence of medium to 
coarsed-grained recrystallized quartz that is stained with iron oxides. 
Weathered surfases have an orange hue and iron oxides coat bedding planes, 
fractures and joint faces. Samples #9 and #12 are rep~esentative of the 
rock present. One Sample, #9, has unevenly distributed rusty to yellow-
orange lookinq rits or pock~ts of iron oxide of abaut \ af an inch in ~in-
arc exposed here. 
The Ophir Sha1~ li0s conf0r~~bly on the Tintic Quartzit0. It c0nsist~ 
cf three membPrs of which t~e lowest and uppermost members are metamcr?hosed 
~~1ftic sediment in the north and east portion of the area. To the south, 
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lmmetamorphosed sediment i ~ cxrn~<:::d, but here only the middle member, a 
limestone and the upper mffl'lbcr, a shale, are exposed. The limestone member 
is a fine-grain~d blue-green ·limestone. (Sample #1) It has darker, 
brownish~green siliceous laminae running through it. Fractures within the 
rock are ~oated with iron oxide. Weathered surfaces tend to be soft Bnd 
friable with a brown color. This member is transitional in its upper part 
with siliceous laminae alternating with limy shales up into the shale of 
the third member. Where exposed at the south end of the area, this member 
is represented by approximately 35 feet of strata. Towards the contact, 
this member forms a slope surface, coverP.d by soil and vegetation. The 
third member of the Ophir Shale is a bedded shale with variable colors. 
In general, it is a dull-yellow-brown to gray-green on its weathered 
surface. It has rather slabby fracture along the bedding and has a 
calcareous c~m'."nt. About 120 feet of this m~mber are exposed. To the n0rth 
where it h?~ b~en thermally metamorohosed the beds are darker, are recrystal-
lized and have a blocky fracture. Outcrops protrude through the surface 
cover and form small blocky cliffs. T~e first member of the Ophir Shale, 
which is exposed only as metamorohosed rock in the northern parts of the 
=area mapped, resembles the third member very much. Near the contact all 
members are cut by veins of quartz and igneous material from the intrusion. 
The Maxfield Limestone comprises both limest0ne and dolomite and is 
conformable on the Ophir Shale. At the south end of the are~ it is represented 
by interbedded 3ray and white dolomite and limestone. They are moderately 
resistant and may form low but distinrt steps in gullies. Sample #3 is a 
3ray to white li~estone with a fine-grained qranular texture. s~all elongate 
needle-like structures are present which may be fossil remains. Small 
- 4 -
concentrations of iron oxides and greenish areas of serpentine are found. 
It has been recrystallized to a marble to the north where this Maxfield 
Limestone is metamorphosed. 
The source of heat for this thermal metamorphism is at the north end 
of the mapped area. It is a granodiorite known as the Alta Stock. Its east-
west dimensions are about three miles and its north-south dimension is about 
one and a quarter miles wide. Only a small part of ft is shown on the map. 
Its texture varies from equigrained to porphyritic. The rock (Sample #14) 
is predominantyly composed of idioblastic zoned oligoclase feldspars. Some 
show Albite-Carlsbad twinning. Biolite forms euhedral, hexagonal, tabular, 
phenocrysts about 2 to 3 mm across. Euhedral phenocrysts of hornblende 
about 2 mm long are also present in the granodiorite. Quartz fills the 
interstices. The feldspars show alteration to sericite. Some sphene, 
epidote and hematite are also present. 
THE EFFECTS OF METAMORPHISM 
The release of thermal energy from an intrusive body normally causes 
metamorphism of the surrounding country rock. The areal e~tent of meta-
morphism, or the contact aureole, is regulated by many factors, the most 
important of which is the size of the intrusion. The size of the aureole 
is proportional to the size of the intrusion. Some of the changes found 
in an aureole may be subtle. Changes may not occur as soon in one lithology 
as in another. There may be little outward sign of changes that can be 
seen in thin section. In general, though, the rocks tend to become harder, 
fracture differently, undergo recrystallization to higher grade minerals, 
and volatiles introduced into the rocks may cause crystallization of 
minerals not customarily developed in metamorphosed rocks of the given 
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composi ti a, s. 
Because there were no ma~~ble unmetamorphosed Tintic Quartzite beds 
in the area, the description of this formation given by Calkans (1943) will 
be i§'Qed as a basis for comparison with the metamorphosed quartzite. He 
describes the Tintic Quartzite as coarse to medium grained quartz-rich 
sandstones. The bedding is set off by iron oxides. The lower portion con-
sists of some conglomerate near the base and purple quartz derived from 
Precambrian quartzite. There is some cross bedding in parts. The upper beds 
are composed of white quartz grains. The rock has a tan to orange weathered 
surface and iron oxides emphasize bedding and joint faces. Some portions 
of the formation have quarter-inch diameter rust colored pits, and other 
parts have distinct porosity. 
The quartzite mapped in the area, as represented by Samples #9 and #12, 
shows no outward changes. The weathered surfaces are still orange colored. 
Iron oxides still coat fractures and joints. Porosity of so~e of the origin-
al rock has been retained {Sample #9) and the pockets of iron oxides 
still remain. The only physical, visible changes are an increased hardness 
ahd a new fracture across the grains instead of around them. This is due 
to recrystallization of the quartz to interlocking grains, as seen in thin-
section. Small tourmaline and pyrite crystals also are present. Toward 
the contact the quartzite consists of recrystallized quartz and orthoclase. 
Since the samples were not taken from the same bed, grain sizes may not be 
compared. Because an i~portant part of the quartzite is covered, the relation 
between metamorphic aureole size and intrusive body size cannot be established. 
In the metamorphosed Ophir Shale, a darker color than in the original 
rock is exhibited. It becomes harder and bedding disappears. A blocky 
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fracture is dev~toped. Iron oxides are stilt present along fractures and 
weathered surfaces. The grain size increases slightly toward the contact. 
In thin section, the original rock consisted of quartz and oligoctase in 
subangutar grains, calcite, muscovite and possibly some actinotite and 
pyrite were present (Sample #2). In Sample #4, at about 2,200 feet from 
the contact, epidote is crystallized in the matrix of quartz, plagioctase 
and sericite. The granobtastic texture and presence of epidote are the 
first definite signs of thermal effects. This area wilt be taken as tire 
outer limit of the aureole in the Ophir Shale. This rock also contained 
pyrite and iron oxide staining. Sample #6 again has aggregates of epidote 
with quartz. In thi1} section, tourmaline is present, which may be detritat 
or recrystallized from even more minute detritat material. They may also 
be the product of metasomatism. Microscopically, Sample #8 shows that the 
quartz has been recrystallized, biotite and muscovite are present in larger 
grains and cordierite has crystallized. ~ Cordiprite is missing in the next 
sample (Sample #11) which was taken at approximately 400 feet from the 
contact. Orthoclase is now present and muscovite is present in both large 
and small flakes. The presence of chtorite suggests some retrograde meta-
morphism. Sample #13 taken at only 100 feet from the contact shows no 
change in mineral composition compared with Sample #8. The effects of thermal 
energy on this shale were the recrystallization of the original components 
to form higher grade minerals, the development of a hornfetsic texture, and 
disappearance of bedding structure. As a result of ~ecrysta.ltization, the 
rock was hardened. 
In the Maxfield Limestone, the first effects of thermal energy are seen 
as recrystallization of granular calcite to calcite showing cleavage and 
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having a larger grain size. There is little change in color, though some 
are very white whereas some are yellowish. The original sample (Sample #3) 
had what appeared to be fossils in it, whereas the metamorphosed limestone 
has none. Sample #5 taken in the Maxfield Limestone about 1,800 feet from 
the contact, first shows mineralogical changes. Oi6pside has crystallized 
in recrystallized calcite. Serpentine is also found. This area in which 
di6pside is first found will be taken as the limit of the metamorphic 
aureole in the Maxfield Limestone. However, limestones and dolomites are 
relatively susceptible to metamorphism and, therefore, the limit of the 
aureole proably extends at least as far south as it does in the Ophir Shale. 
The next sample (#7) was taken closer to the contact. It had a purer 
composition originally and contains only recrystallized calcite with some 
hematite. At about 400 feet from the contact Sample #lOa of the marble shows 
the crystal!ization of forsterite and a mineral from the humite group. 
The forsterite has bleb crystal form and the possible humite group mineral 
has euhedral form. Another new mineral, ludwigite, is also present. 
Ludwigite is a rather rare borate mineral. It is unlikely to have been an 
orginal constituent of the limestone. Sample #10b was taken at about 200 
feet from the contact and 4 feet from the vein from which sample #10c was 
taken. Sample #10b still has the forsterite, but it is now partially 
pseudomorphed by serpentine. The calcite cleavage is less distinct. 
Euhedral to subhedral grains of sphene are also present. There has been no 
further change in mineralogy then since sample #lOa. The marbles of the 
metamorphosed Maxfield Limestone contain new minerals, diopside and forsterite, 
in matrices of recrystallized calcite. The color of the rock varies little 
and there is an increase in coarseness of grains. 
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In all three lithologies new minerals were crystallized from the con• 
stituents of the original rock. In general, the closer they were to the 
contact, the higher the grade of minerals present. The extent of the 
aureole of metamorphism in both the Ophir Shale and the Maxfield Limestone 
was about 2,200 feet from the contact. From the size of the aureole and 
highest grade of minerals present, the size of the intrusion near the area 
mapped is relatively small and temperatures were relatively low. 
ESTABLISHING HORNFELS FACIES FOR THE THREE LITHOLOGIES 
In metamorphism minerals recrystallize in steps from lc,..,,er grade 
minerals to high grade minerals. EaGh step may be represented by certain 
mineral assemblages that can coexist at equilibrium under particular physi-
ca~ conditions. As the physical conditions are altered and the limits of 
equilibrium are surpassed, new minerals will crystallize. 
Since there are different types of rocks, for example, limestones, 
quartzites, shales, etc., each rock has a different mineral and chemical 
composition. Thus new assemblages of minerals that crystallize during 
metamorphism are dependent upon the composition of the uninfluenced rock. 
Because minerals recrystallize in steps that depend on physical conditions, 
a particular assemblage of minerals may be correlated to each step or set 
of physical conditions and each rock type. Each assemblage of minerals is 
called a facies. Each facies is categorized by textures that occur as a 
result of thermal metamorphism or regional metamorphism (i.e., the Hornfels 
facies for thermally metamorphosed rocks; the Schist facies for regionally 
metamorphosed rocks.) Each texture is then further described by mineral 
names of minerals that occur under the physical conditions present for each 
step of crystallization (i.e., Albite-Epidote Hornfel facies or the Green-
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schist facies.) The Albite-epidote hornfels facies is the term used for 
minerals that develop at about 400° C and at very low pressures. This 
facies includes the minerals epidote, albite, tremolite, chlorite, 
pyrophyllite, muscovite, calcite and quartz. The next facies, the 
Hornblende hornfels facies, has a temperature range from about 510° C to 
550° C under pressures of 500 to 2,000 bars. Under these conditions 
an-rich plagioclase, garnet, diopside, hornblende, cordierite, andalusite 
or muscovite and andalusite may crystallize depending upon the original 
chemical composttion of the rock. The highest grade hornfcls facies is the 
K-feldspar-cordierite hornfels facies. Its temperature range is from 
580° C to 640° C with pressures between 500 and 2,000 bars. (Winkler 1967) 
This last hornfels may be divided into subfacies if it is necessary. In 
this facies an-rich plagioclase or garnet, diopside, enstatite/hypersthene, 
andalusite/sillimanite, orthoclase and andqlusite or wollastonite may 
occur depending on the original chemical composition. Forsterite may occur 
in rocks having no quartz and represents either the Hornblende hcrnfels 
facies or the K-feldspar-cordierite-hornfels facies. 
In the metamorphosed quartzite it appears that near the contact where 
orthoclase is present in the quartzite, conditions may have existed which 
were favorable for the K-f~~dspar-cordierite hcrnfels. The orthoclase 
might be detrital. The bed containing orthoclase would have to be traced 
away from the contact to see whether or not it is detrital. This area con-
taining orthoclase extends about 600 feet from the contact. South of that 
boundary orthoclase was not present nor were cordierite or andalusite or 
minerals characteristic of the Hornblcnde-hornfels facies. This may mean 
that the chemical composition was not favorable for that facies. But be-
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cause the quartzite is recrystallized indicating that it was effected by 
the heat, at least two facies are represented in the quartzite. 
The metamorphosed Ophir Shale exhibits a similar trend that can be 
followed. Within 600 feet of the contact, orthoclase is present and may 
be detrital or a remnant of the K-feldspar-cordierite-hornfels facies that 
has undergone retrograde metamorphism. The presence of chlorite in samples 
11 and 13 suggests that retrograde metamorphism has occured. Where Sample 
#8 was collected at about 1,200 feet from the contact, cordierite made its 
first appearance in the presence of muscovite. This combination is 
diagnostic of the hornblende-hornfels facies. Another 400 feet south, 
1,600 feet from the contact there is no cordierite. Epidote is prevalent 
here though, so the albite -epidote-hornfels is represented. Thus, the 
Ophir Shale has the two lowest grade hornfels facies present with the 
highest grade hornfels as a remnant near the contact that has undergone 
retrograde metamorphism. 
At 200 feet and 400 feet from the contact forsterite is present in the 
metamorphosed Maxfield Limestone. Forsterite is a mineral that occurs in 
rocks without quartz. It can also be found in both the Hornblende-hornfels 
facies and the K-feldspar-cordierite-hornfels facies. This presents a 
problem, for if there is a facies boundary in the vicinity, it can not be 
distinguished. To the south a sample of the marble (Sample #5) has diopside 
present. Diopside is found in the Hornblende-hornfels facies. For the 
metamorphosed Maxfield Limestone there are probably all three facies present. 
Since limstones are quite susceptible to metamorphism and because the Ophir 
Shale exhibits all three facies, the Maxfield Limestone probably does too. 
Because of the lack of samples and lack of diagnostic minerals present, how-
ever the boundaries for the facies could not be determined. 
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META SOMA TI SM 
Present in the various lithologies are minerals that are not likely 
to occur in metamorphosed rocks such as the three lithologies being studied. 
This suggests introduction of elements that would change the bulk composi-
tion of the rock and allow the formation of these minerals. The replace-
ment of or addition to the existing rock composition is called metasomatism. 
It is brought about by the flow of magmatic volatiles charged with active 
elements through the surrounding country rock. In the Maxfield Limestone 
near the contact the mineral ludwigite (Samples #lOa and 10b) is found. 
This mineral is a borate, which suggests that boron was introduced into the 
marble by volatiles from the granodiorite. Tourmaline, a boron silicate, 
might also have developed in this manner, but because of i~ small size, it 
is probable that it is a detrital mineral. Sulfides (i.e., pyrite) and 
iron oxides (i.e., magnetite and hematite) could also have been the result 
of this process, but their smal 1 grain size and widespread occurrence sug-
gests that they are not metasomatic. 
CONCLUSION 
From the results of this study it may be suggested that, in this case, 
the extent of the effects of metamorphism was similar in each lithology. 
The limit of the aureole of metamorphism in the limestone and shale coincided. 
closely. The aureole extended about 2,200 feet from the contact. This is a 
relatively short distance and might suggest that the intrusion in this area 
is smal 1, perhaps a mile wide or less. In general the rocks become harder 
and exhibit recrystallization. Higher grade minerals that are characteris-
tic of the particular hornfels facies for contact metamorphism are 
crystallized. The various grades of minerals present show that all three 
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hornfels facies are present. The three facies in each lithology seem to 
correspond with those of the other lithologies. Their various widths are 
dependent upon the size of the size of the intrusive. There has been some 
metasomatism near the contact, but only the ludwigite is a definite result 
of metasomatism, the borate ion probably being the introduced element. 
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t\PP!:NDIX 
T~e following are megascopic and microscopic descriptions for samrles 
taken from Albion Basin at the head of the Little Cottonwocrl Canycn, .ll.lta, 
Utah. 
SAMPLE #1 
Sample #1 is a fine"graine.d bluish~green to gray limestone. There are 
silicone laminae of darker brownish color running through the sample. 
Cracks ten~ to be emphasized by a dark brown mineral coating of iron oxide. 
Weathered surfaces have a softer texture than fresh surfaces and it is 
brown in color. 
In thin sectfon the rock is very fine grained calcite. :~all lenticular 
?0ckets of calcite having distinct rhomb form can be founrl. ~its of h:matitQ 
2r~ pr~sent and iron oxide stain is prevalent along cracks. 
~i n"!ral_~ 
~ci_te ~ very high birefringence rhomboheclral for~ 
in pockets. 
Hematite - brown to op~que staining along cracks 
SAMPLE #2 
Meg~scopically, Sample #2 is a fine~orained ~reenish-qrav shale that 
effervesces in dilute HCt. It weathers to a brownish gray. The rock is 
predominantly quartz. Some surfaces have grains of calcite visible on them. 
Streaks of brownish orange color on surfaces and on the interior may be 
due to the alteration of iron oxides. The fresh surface has a sugary 
appearance. 
Microscopically, Sample #2 is a fine"grained calcareous shale hav1nz 
sub~angular quartz forming abaut 45% of the rock. Granular calcite is ~o~e-
what uniformly disp'?rsed among the quartz grains and forms about 20'/4 rf the 
rock. There is a small amount of plagioclase grains of oligoclase composi-
tion in the rock. They are angular and are uniformly distributed through 
the rock. The remainder of the rock is formed by muscovite. 
Minerologx. 
Qu~!t~ ... subangular grains form about 45% of the rock. 
Plaaiocl3se N angular grains having Albite-Carlsbad twinning 
grains are same size as thos0 of quartz grains. They are 
of oligoclase composition. They form less than 7% of the 
rock. 
C~lc.i_~~ ... granullr calcite; some grains '.Jive uniaxial negative optic 
fir;ure. The gruins h,w~ very high bir~fringence and are -=tlso 
about th2 ~ame size as the quartz grains. It forms about 
Muscovite 
-----· 
20'~ of the rock. 
pale green columnar grains and snme fibrous grains havinJ 
distinct relief above the rest of th~ rock constituents, 
are moderatf'ly birefringent and form about 20"/4 of the rock. 
Hematite - occurs as stain. 
--· --- -~---- -----
Sample #3 is a white to gray granular limestone. Elong?.te fragments 
which may be fossils are randomly dispersed in thP. rock. Iron oxide is 
present along fractures and someti~es in po~kets. Small crystals of a dark 
~ineral are scattered through the rock. 
In thin section granular calcite makes up about 80"/4 of the rock. It 
is fine .... grained and the calcite has the characteristic uniaxial negati''':'. 
optic property, but it shows no rhombohedral cleavage. Porphyroblastic 
pyrite altering to hematite is also found. Elongate or lenticular sections 
that may be of calcite compositin~ may bP. ~ossil remnants. 
Cald_!_~ ... •miaxial negative; (~) 
. .r '·.,.,-
granular form; fine-
grained with some areas a little coarser than bulk of the 
rock. They form 80"/o of the rock. 
Pyrite" opaque; yellow in reflected tight; altering to hPmatite. 
Hematite - lateration of pyrite and thus pseudomorphing pyrite. 
SA!'1PLE #4 
Sample #4 is a fine-grained Quartz-Epidote ... Hornfels. Weathered surfaces 
ar~ green-brown. A fresh surface revea.1 s a green ... gray col or. Micas are 
detectable as small cleavage flakes of less than 1 mm in size. Quartz is the 
major constituent of the sa~ple. The greenish tint is probably due to the 
coloration of a green mineral such as chlorite or epidote. Pyrite altering 
to hematite is also present. 
In thin section, sample #4 is found to be a Quartz-Epidote-Hornfels. 
The major constituents, quartz and epidote~ impart a granoblastic texture. 
Quartz forms about 50'/4 of the rock, epi dote abo•,it 20'/o. Epi dote is present 
in grains about 1/8 the size of the quartz grains and also in aggregates. 
Plagioclase havina a grain ~;ze ~quivalent to the quartz grains is present 
d~ very small amounts. Flakes of sericite and some larger of muscovite are 
scattered through the sample. Small amounts 0f sphcne enclosing opaques are 
also found. Minor amounts o~ oyrite are presPnt also. 
Qu~! t::: .. 5 0-6Cf,s of rock. 
PlaCTio,:::1;:is;a - Less than 2% of the rock twinned grains. 
Epidote - high relief, high birefringence, Parallel extinction; a~gr~gates 
of grains. 
Muscovite - highly birefringent, upper 2nd to 3rd order colors; forms 
less than 5% of rock. 
Sericite - fine fibrous aggregates 
Pyrite - yellow in freflected light is altering to hematite. 
Hematite - staining along cracks is brownish alteration p~oduct of pyrite. 
Sarn~le #5 is medium-grained Tiiopside Marble. The major constituent of 
the ~ample is calcite, showing good cleavage surfaces. Short orismatic 
grains of diopside are scattered through the calcite. Small individual 
pockets and a few veinlets of waxy blue-gray mineral may be serpentine. 
Iron oxide stains fractures and appears in scattered pockets. 
Microscopically, sample #5 fs a Diopside M~rble. Calcite forms 
straig~t-sided int~rlocking grains th~t shows twinning. The strained sr~i~! 
have rarallel high birefringent bands acro:s cleavage rhomb0~edra. Oiopside 
may form prismatic grains having well formed straight edges. One aggregate 
of grains forms radiating blades from a prismatic cross-section. It 
exhibits typical pyroxene cleavage and some parting. Serpentine forms 
irregular aggregates at calcite grain triple points. Hematite can be found 
as an alteration of pyrite crystals. 
Dfopsi?e - has high relief of 1.65 - 1.7 I. R. Is optically positive 
and biaxial; has a birefringence of .014 - .025; is color-
less in prismatic grain~ and has tyoical pyroxenA cleav~;~ 
/"~ .•• -,.'"..,.-,.•'"'JI 
\ i .:~ 
~·=-:::J 
f~l_ci!_<:. ... recrystallized to form grains showing rhombohedral cleavage • 
. ~erp~~tin~ - low birefringence and low relief; fibrous anhedral grains 
form irregular aggregates at calcite grain triple points. 
He~~tite - forms aggregates and single grains; small perrent present. 
Pyrit~ - is yellow in reflected light; very small amount is present. 
$.AMPLE_ #6 
Megascopically, Sample #6 is a Quartz-Mica-Hornfels having a very fine 
gr3ined texture and dark gray color. Weathered surfaces are dark gray•green. 
It has a blocky ~racture and is hard. Cleavage surfaces of micas can he 
seen in some cases in the rock and on fractured planes. Hematite stains 
frac:t·,re planes or veinlets. 
Microscopically, Samole #6 is a Quartz-Epidote-Mica~Hornfels. Quartz 
appears as subangular grains forming much of the rock. Strongly birefrincent 
shreds and occasional flakes of sericite-muscovfte form a matrix. Epidote 
also forms small aggregates of yellow-green grains havin3 high b1refrin~ence. 
Iron oxides have prominent staining effect along fractures and some areas of 
stain are diss~minated into the ~nfractured whole rock. Minor amounts of 
prismatic blue-green tourmaline are also randomly scattered through the rock. 
Quar~~ - is uniaxial positive, has low relief, low birefringence of .009. 
Forms about 30% of th~ rock as sub-angular grains. 
Epi_dote ... aggregates of yellow-green grains having high birefringence 
of upper 2nd order to 3rd order colors. Also has high relief. 
Tourmaline 
-
__ ... ,_ ...... __ smal 1 prismatic grains of blue-green color exhibit east-
west darkest color for pleochroism. 
Seri d te fine shreds of white mica having moderate relief and moderate 
to high birPfringence. 
Sample #7 is a coarse-grained light gray to yellow-brown Marble. The 
grains are poorly cemented and the rock crumbles easily. This may be duet~ 
solution of the cement. A brownish stain may be due to weathering of 
hematite. Solution of some of the calcite or iron oxides have caused nearly 
linear type veinlets. 
Microscopically, Sample #7 is over 95% calcite. The grains ha1/e d~s-
tinct cleavage and straight edges. They also show polysynthetic twinning. 
Grains of hematite pseudomorph pyrite with core~ of pyrite still remaining 
at the center of the grains of hematite. 
Calcite - forms about 95% or more of rock. Grains are straight sided 
and show cleavage; also show polysynthetic twinning. 
Hematit? - pseudomorphs pyrite and is brown to opaque. 
Megascopically, Sample #8 is a fine-srained gray-green Quartz-Mica-
Hornfels. Weathered surfaces are dark brown-green. Flakes of mica are 
present on fracture surfaces, weathered surfaces and on fresh surfaces. 
The dark color of the weathered surfaces may be due to iron oxides. 
In thin section, Sample #8 is a fine-grained Quartz-Mica-Cordierite-
Hornfels. Recrystallized quartz has formed interlocking grains. Quartz 
also form~ inclusions in anhedral grains of cordierite. The cordieritP also 
shows some alteration to sericite. Muscovite is present in fibrous aggregates 
as well as in flakes. Biotite in small flakes and some tiny cross secti0ns 
is founrl in small agaregates. Columnar, elongate grains of clinoz:oisite 
having anomalouc; blue birefringence are scattered among thP cordierite 
dominated areas. Small amounts of prismatic tourmaline also are present. 
Pyrite in cubic form and blJck magnetite are found with alteration to 
hematite. 
Quart~ - fine interlocking grains having wavy extinction and as 
inclusion in cordierite. 
Cordierite anhedral irregular sided grains havinJ low 
relief and low birefringence; resembles quartz but fs 
biaxial nc::iative. Optic figt!res are diffic,itt to obtain. 
Has many inclusinnr. 
!3_i_<:>_!.i._te - small green columnar and subeuhedral cross-sections. Columnar 
grains have high birefringence, cross~sections, low. 
Muscovite - has moderate relief, moderate to high birefringence, forms 
fibrous to columnar grains of variable size, but in general 
a 11 sma 11 • 
SAMPLE #8 (Conti~~ed)_ 
Tourmaline - prism~tic green grains havin9 east-west darkest color 
plenchroism. It is probably of sedimentary origin. 
Cli~ozoisite ~ has low birefringence blue-gray color, high relief 1.7; 
prismatic grains not well formed. 
Some show parting. 
~yrite - yellow in reflected light; opaque in plane light; cubic form. 
Hematite - alteration of pyrite. 
SAMPLE #9 
Sample #9 is a medium grained Q.uart:dte. A weathered surface is y~ll"W• 
crang::: as well as green ... bl:Jck along fractures exposed to w,-:-athering. !\ 
fresh surface reveals clear q,.,.,,:--t~ "'dth <"l"n'lc" vf!'rv f'!l;l"l'.:'r ~mounts n~ bl,J,-
quartz. There ~re alsr somE> quart2r inch pockets of orange stained quartz. 
Some pockets have an iron oxide at the center. Where these oxides have been 
removed, the quartz appears to be porous. 
Microscopically, this sample is an orthoquartzite. Recrystalized qi·artz 
forms irregular interlocking grain5. Some grains show some stress for their 
optic figures are biaxial with small 2V's. Some muscovite and sericite fill 
small interstitial pockets. Some tourmaline is present and hematite 
pseudomorphs pyrite. 
Quartz - anhedral grains with 0 irregular interlocking ~dses; 
is fine to medium grained; has wavy extinction and makes up 
about 90-95% of the rock. 
Seri cite-muscovite fine fibers fill interstices; some is pale green 
to clear. 
Tourmaline pleochroism typical to tourmaline is present. 
SAMPLE #lOa 
-·---K----
Megasco~ically, Sample #lOa is a medium to fine-grained buff to gray 
Marble. The recrystallized calcite shows distinct rhombohedral cleavage. 
A black mineral having short prismatic to needle like grain form is present 
in concentrations while nearly absent in other portions. The mineral has 
a rhombohedral cross section and some striations lengthwise on the crystal 
grains. They have an adamantine luster. It is probably the Ludwigite 
which is common to the area. Forsterite resembles an off color or cloudy 
quartz and is disemin~ted through the rock and also forms small v~inlets 
across the rock. 
Microscopically, Sample #10a is a medium grained Forsterite Marbl~. 
Calcite forms a matrix of subhedral twinned grains. Forsterite is in blPh 
form having high birefringence and showing some parting. It has a large 
biaxial 2V and many grains have an optic fiJL~e looking down one of the 
optic axes. It is optically positive. Small yellow~green subhedral grain~ 
of a mineral from the Humite group are present. Very dark to green euhedral 
rhombohedral cross sections of ludwigite are scattered through the rock. 
Columnar sections are also seen. It is a pleochroic green to dark brown 
mineral having high relief and variable biaxial 2V's. Subhedral rhombs of 
sphene are associated with the ludwigite. 
C' al d te 
------· 
low relief which varies to very high as stage is rotated; 
irregular grains havil'1~ rhombohedral cleavage and have 
uni ax i a 1 ne g at i v e f i g ur es • 
For2_ter~~..!:. - bleb-like grains having 3rd order colors of birefringence, 
high relief, biaxial positive figures with large 2V's may 
,..-~-__,..•""""""'\ 
be found. ) \ /.-···· 
-~,/ 
Unknown 
--·---~ 
euheclral to subhedral hexagonal grains having very hish 
birefringence and hi£h relief. Optic figures are not good 
but appea~ to be nearly uniaxial with a negative optic sign. 
Ludwi.9..'ite .. deep green to nearly black mineral. Pleochroic from green 
to br™nish green. Rhombohedral cross sections show oarting. 
Prismatic grains are otherwise formed 
Cross sections appear to have biaxial figure with variable 
2V 1 s and the birefringence is masked by color of mineral. 
It has hi9h relief of about 1.7 I.R. 
5AM PLE #1 Ob ___..__, __ . ___ _ 
Sample #10b is a creamy whit!" Marbl<> that weathers to a pitted bt>ff 
colored surface. Tiny inclusions of ludwigite are present in 1 mm grains. 
The calcite ~resent is of anhedral grains showing good cleavage. 
In thin section sample #lOb is a Forsterite Marble having serpentine 
pseudmnorohs of th":' forsterite. Th~ serpentine is fibroti!:, ha,; low 
birefringence and has the bleb form of the forsterite. Ludwigite again app~ars 
in the rhombohedral cross section, is pleochroic green to brown. Sphene is 
present in subhedral rhombs and in these is some magnetit~ in subheclral form. 
Th~ calcite is not clear, but is hazy brown to gray. Some show no cleavage. 
Calcite - irregular grains cut by bleb-like structures of forsterit~ 
and serpentine. Rhombohedral cleavage is present and in some 
places h~s been partially d2stroyed. The grains show very 
high birefringence. An 0ptic figure can be obtained on a few 
3rains. It forms about 45-50'/4 of the rock. 
For~1:~ite_ - bleb-like structures show parting and have high relief and 
high birefringence. It forms about 10% of the rock. 
Serpentine - Fibrous serpentine Pseudomorphs the bleb-like forsterite. 
It has low birefrinQence and low relief. The repl3cements form 
about 30'/4 of the rock. 
L~c!_~igi~ - It is present in accessory amounts, shows its green to brown 
pleochroism, but it is not well formed. 
IE?_~~.. Subhedra,J grains surround magnetite. 
Mannetite - opaque mineral surrounded by magnetite. 
SAMPLE #lOc 
--~··~-·-------
Sample #lOc is a Oiorite vein intruding limestone that has been 
marblized. It is formed of medium-grained plagiocl~se and a pyroxene. The 
rock has an overall gray color with uniform distribution of the dark pyroxene 
mineral. Plagioclase has good cleavage faces on a fresh surface an~ on? 
weathered surface they are rlouded. 
Microscopically sample #lOc is a Diorite. It has medium-grained 
plagioclase r,f andesine composition making up nearly ?O:I of the rock. 
Hedenbergite, an iron rich pyroxene, forms euhedral to subhedral cross-
sections and prismatic grains. 20% of the rock is hed~nbergite. Grains of 
antiperthite are present and have little or no distinct grain form. The 
antperthite grains are twinned however. Accessory amounts of quartz, sphene, 
and clinozoisite and magnetite form the remainder of the rock. 
Mineralogy 
tf_1:denb~E.9L~~ - It forms about 20½ of the rock. It has a biaxial positive 
figure with a moderate to large 2V, is slightly pleochroic, 
has low birefringence, and is brown to green. With nicols 
crossed it extinguishes at 44 to 50 deJ~~es. 
Plagio~]_~ ~ forms 7CJ¾ of the rock and is twinned; it has the composition 
of andesine. A prominent part of the plagioclase has under-
gone some segreqation and antiperthite has been formed. These 
irregular grains are also twinned. 
Quarg - Less than 5% of the rock is quartz that fills some interstir..,.s. 
SphenP - Grains are subhedr~l rhombs that are red-brown; very high 
birefringence is masked by its co1or ar.d it has hioh relief; 
it is often associated with or surrounds magnetite. 
SAMPLE #1 Oc _ (Conti nu_~_<iL 
Clinozoisite ~ Accessory a~ounts of prismatic grains have anomalous 
birefringence and high relief with parallel extinction. 
It occurs as inclusi 0 ns in other minerals or alone in small 
interstices. 
Magnetite• opaque ~ineral surrnunded by sphene 
St\MPLE #11 
Megascopically sample #11 is a fine-grained Quartz- Mica-Chlorite Hornfels. 
Flakes of mica are found on fresh s~rfaces as well as chlorite and quartz. 
The weathered surface is dark green-brown with some reddish areas. These colors 
are due to the weathering of the chlorite and iron oxides. 
Microscopically sample #11 is a Quartz- Mir::a-~hlorite Hornfels. 
Quartz and muscovite form about 60'/, of he rock in equal proportions. Chlorite 
forms about 20% of the rock and seems to occur along quartz-muscovite 
grain contacts. A few clear grains are present which have low relief and 
low birefringence and are biaxial negative with a large 2V. They may be 
grains of orthoclase. The chlorite represents retrograde metamorphism. ThP 
minor amounts of orthoclase that are present may also be due to retrograde 
metamorphism. 
Mineralogy 
Quartz ~-It is uniaxial positive, has the normal relief and low 
birefringence and h~s wavy extinction. It forms 30% of the rock. 
Muscovite - It is pale green to clear and occurs as fibrous grains with 
moderate birefringence. A few grains are columnar. It forms 
30% of the rock. 
Chlorite - It occurs as pale gre~n to green fibrous grains that have 
1 ow, birefringence. They are found a 1 ong muscovite and quartz 
grain contact areas. It forms 20'/, of the r 0!ck. 
Orthoclase - It is found as polygonal grains but because there is so 
little of it, it is difficult t0 find. They have the biaxial 
negative fiqure with a large 2V that is often not centered. 
Hematite - Smal 1 opaque grains unifor11ly scattered thr·:·Ut1h the ro,-k. 
SAMPLE #12 
---·--
Sample #12 is a Quartzite that is orange stained on the weather~d 
surfaces. Iron oxides emphasize fractures with dark brown on surfaces 
exposed to weathering. On fresh surfaces, the fractures are orange-yellow. 
Clear quartz and a smaller amount of white feldspar form the bulk of the rock. 
Microscopically, sample #12 is a K-feldspar Quartzite. Quartz in in 
irregular grains that exhibit strain effects, i.e. it has a biaxial optic 
figure with a small 2V. Orthoclase is intergrown in the quartz matrix. It 
is clouded by alteration to sericite. Muscovite in fibrous form may occur in 
interstices or in pocket-like circular aggregates. Hematite is also present. 
Mineralogy 
Quartz - It occurs as irregular interlocking grains having typical optic 
properties of quartz. Some grains have been strained and now 
haw.~ a biaxial optic figure with a small 2V. Quartz forms about 
BO% of the rock. 
Muscovite• It is moderately birefringent, in fibrous grains occurring 
in less than 5% of the rock. A few circular pockets of the 
fibrous mineral may be found. 
Orthoclase - The grains conform to the grain boundaries of the quartz. 
They have alterations to sericite. They are usually smaller 
than the quartz grains. Because of the alteration, they 
are distinguished in plane light from the quartz areas. 
e 
SAMPLE #14 
Sample #14 is a porphyritic rranodiorite. Phenocrysts of tabular, 
hexagonal biotite about 2-3mm acrnss nnd h0rnblende phenocrysts about 2m~ 
l0ng are i~bedded in a matrix of prismatic grains of feldspars. Quartz 
is present in interstices. Weathering has dulled the luster of all exposed 
mineral surfaces, 
In thin section sam?le #14 is a coarse-grained porphyritic Granodiorite. 
Hornblende is present in typical amphibole form, Plaqioclase of andesine 
composition oc,urs in euhedral grains that show alteration to sericite. 
Sphene is present in subhedral grains. Biotite is present in typical form. 
Accessory amounts of magnetite, hematite and epidote are present. 
~ineraloqy 
Pla;;ioc}2._~'.:_ - has Albite-Carlsbad twinning and composition of oligoclase. 
Coarse grained. Som~ grains show ~uhedrat growth zones. 
/., few show both twinning and zoni n:;. Many are sever"' 1 y 
altered to sericite. 
Hornblende - poorly formed columnar sections of light bluewgreen 
pleochroism is present. They are biaxial negative and 
have an extinction angle of about 12°. A few subhedral 
~ross~~ections are present and show typical amphibole 
cleavage. They are biaxial and have a large 2V • 
.!3iot_~_!!:_ - columnar grains having parallel extinction. 
Sphene - red-brown, very highly birefringent, but marked by color; 
associated with magnetite. 
Magnetite - euhedral opaque black srains. 
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TABLF. II 
STRATIGRAPHIC SECTION 
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ARF.A l '.APPED 
' 
I nt erbedded liP1estone nnd do l omite . 
The qlte rniting gre.y and white beds 
1:.MFIF.LD ~r e modere.te ly resistP.nt . They rr.ay 
fos s ilifer ous . 
LffVSTO}!~ 
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